Obesity is an escalating world problem that contributes to the complexity and cost of treatment of metabolic disorders. Obesity is the result of increased storage of energy in the form of adipose tissue, reducing the quality of daily life, and interfering with longevity. Obesity is also a chronic, low-grade inflammatory disorder. The inflammatory processes affect many organ systems with expanded numbers of immune cells and increased cytokine production. Long-term weight loss is difficult to achieve and maintain. Lifestyle modifications, pharmacologic treatments, and surgical methods are increasingly utilized to ameliorate excess body weight and the comorbidities of obesity, such as diabetes, cardiovascular disease, dyslipidemia, and cancers. Weight loss is also touted to reduce inflammation. Here we review the current literature on human obesity-related systemic and local changes to the immune system and circulating inflammatory mediators. Further, we consider the impact of weight loss to reduce the burden of inflammation, bearing in mind the different methods of weight loss-behavioral change vs. surgical intervention.
Introduction
Despite significant advances in our understanding of mechanisms that regulate body weight, the obesity epidemic continues to escalate and presents challenges for both public health and research. Obesity is a condition that is the result of an imbalance between energy intake (in particular palatable, calorie-dense, readily available foods) and energy output (reduced physical activity and metabolic rate), thus favoring the storage of excess calories in the form of adipose tissue. Characterized as a body mass index (BMI) 30 kg/m 2 , obesity is a significant problem for about 40% of the U.S. population. 1 Among obese adults, severe obesity, characterized as a BMI 40 kg/m 2 , has increased from 5.7 to 7.7% in the past decade alone. 1 These epidemiologic data bring to the surface the disturbing fact that both the prevalence and severity of obesity are increasing in the U.S.
Obesity influences every organ system of the body and results in a higher likelihood of adverse health outcomes due to the associated comorbidities which include: disorders such as type-2 diabetes mellitus, hypertension, dyslipidemia, osteoarthritis, cardiovascular disease, liver and gallbladder disease, reproductive disorders, psychological problems, certain cancers, and germane to this review, immune dysfunction. 2 The inflammation of obesity is chronic, low-grade, and systemically pervasive. The term "meta-inflammation" or metabolically triggered inflammation has been adopted to clarify its genesis. 3 The number and size of adipocytes expand in obesity and metabolically stress the cells resulting in the active secretion of cytokines and infiltration of immune cells to the site of cellular injury. Immune cells invade many tissues (e.g. adipose, liver, gastrointestinal tract, and skeletal muscle), produce various
Impact statement
As the prevalence and severity of obesity expand, the negative impact of excess adiposity affects every system of the body. Given that obesity is a subversive attack on the immune system, weight loss should improve inflammation locally and systemically. Weight management strategies like dieting, exercise, and bariatric surgery, thus have the opportunity to reduce the burden of inflammation.
pro-inflammatory cytokines, and release them in a paracrine manner to affect the multiple surrounding cells that make up the tissue parenchyma. Over time, the cytokines are measurable in the circulation, and the body continues to toil under a cloak of increased inflammation. Given that the expanding adipose tissue that leads to obesity produces a significant amount of the pro-inflammatory cytokines, it stands to reason that weight loss should reduce the burden of inflammation. Sustained and durable weight loss has proven to be challenging to achieve, in particular, when the gap between excess body weight and a healthy BMI is sizeable. Lifestyle modifications, including reduction of caloric intake, manipulation of daily macronutrient ratios, and addition of varying levels of exercise intensity and duration are the recommended, front-line treatment. Pharmacologic therapies are increasingly prescribed alongside behavioral modifications to assist those with the clinical need to reduce their body weight. However, the most robust and durable improvements to obesity and its related comorbidities are via surgical weight loss procedures. Various types of surgical weight loss strategies exist that range in their level of invasiveness and effectiveness and include Rouxen-Y gastric bypass (RYGB), adjustable gastric banding (AGB), vertical sleeve gastrectomy (VSG), and biliary pancreatic diversion (BPD), to name the most popular. 4 In the current review, we consider the impact of obesity in humans on facets of the immune system, the cytokines produced, the effect on individual cell types, and further, the extent to which various immune parameters are improved with weight-loss irrespective of how it is achieved.
Potential weight-loss strategies
Lifestyle modifications. Altering the intake and output behaviors associated with dysregulated energy balance is the most used strategy for producing weight loss. Among those clinically prescribed are very-low-calorie diets (VLCD) in which intake is limited to no more than 800 kcal per day. The reduction of calories and, in particular, fat intake, is effective at producing weight loss when coupled with exercise. Beyond limiting calories, other diets that restrict the type of macronutrient are popularly used. These include low-fat diets, ketogenic diets (focusing on reducing carbohydrates to 20 g and forcing the body to burn fat stores), 5, 6 and high-protein diets which limit highglycemic index, processed foods. 7 Alternately, plant-based diets (obtaining all nutrients only from plant sources) are purported to reduce body weight, not through caloric restriction per se, but rather restricting the source of calories. 8 Each diet in its own right reports weight loss, but serious consideration is necessary to understand the impact of these diets on the overall health of an individual and long-term sustainability of the lifestyle required by eliminating or overconsuming a particular source of macronutrients.
The other modifiable variable in the energy balance equation is physical activity. Increasing recreational activity by espousing weight-bearing exercises, high-intensity, interval training, moderate-intensity/continuous training, and low-intensity, steady-state (LISS) regimens are effective in increasing calories burned and basal metabolic rate. 9 The preponderance of evidence suggests that the average weight loss achieved with a behavioral change does not exceed a loss of 15% of initial weight. 10 Furthermore, weight loss is often regained after five years. 11 Pharmacologically induced weight loss. Among the FDA-approved drugs for the treatment of obesity are orlistat, lorcaserin, phentermine/topiramate, liraglutide, and bupropion/naltrexone (see review 12 ). The mechanism of action of these drugs is diverse and ranges from pancreatic lipase inhibition, sympathomimetic activities, and serotonin-norepinephrine reuptake inhibition. 12 Specifically, when coupled with behavioral changes discussed previously, they appear to be a useful aid to weight loss. 13, 14 The short-term effectiveness using the various pharmacologic therapies is improved over placebo, but weight regain potential with drug cessation can be high. 15 The other detractor to current pharmacologic therapies is the scant knowledge based on variation in gender, race, starting BMI, and other comorbidities that may preclude the use of the specific pharmacological regimens.
Surgical weight loss procedures. The gold standard for the resolution of obesity-related comorbidities remain RYGB. RYGB is an invasive surgery transecting the upper portion of the stomach and rerouting the flow of nutrients to the jejunum. The lower portion of the transected stomach continues to release digestive juices that flow to the anastomosed jejunum. RYGB produces profound weight loss that is maintained for decades. 16 However, the most common of the bariatric surgeries to date in the U.S. is VSG 17 in which 80% of the gastric tissue along the greater curvature of the stomach is resected creating a tube linking the esophagus and the duodenum. Despite the relative simplicity and reduced complications with VSG, there is still significant weight loss attained by reduced gastric volume, altered pyloric innervation, and accelerated gastric emptying rates. 18 In both VSG and RYGB, profound changes in gut hormones, neural innervation, and microbiota contribute to the yet unidentified mechanism(s) of action producing the profound potential for weight loss. BPD combines sleeve gastrectomy with an intestinal bypass to produce maximal weight loss and is typically reserved for superobese individuals with a BMI of >50 kg/m 2 . 19 The least effective of these surgeries is the AGB 20 in which a saline cuff is inserted around the upper portion of the stomach, creating a smaller initial gastric pouch. The cuff drastically reduces the volume of the stomach, thereby restricting the total caloric content of any given meal. Although AGB produces weight loss and is used as an aid with other dietary and lifestyle modifications, without long-lasting behavior changes, the body weight loss may quickly be regained. 21 The tremendous positive benefit of AGB is that it is entirely reversible. Taken together, surgical procedures for the realization of weight loss are increasingly used in particular in individuals with significant obesity and additional related comorbidities.
The inflammation of obesity
The genesis of inflammation in obesity is multifold. The intake of extra calories is a cellular oxidative stressor evoking excess metabolic byproducts through mitochondrial and peroxisomal oxidation of fatty acids resulting in increased reactive oxygen species, hydrogen peroxide, and nitric oxide that in more substantial quantities are cell toxic. Therefore, the metabolic processing of extra calories can directly drive cellular inflammatory processes. Furthermore, with increasing adipose depot sizes, the activity of antioxidant enzymes such as superoxide dismutase and glutathione peroxidase is diminished, resulting in reduced antioxidant capacity. 22 Adipocytes, which store excess fuel in lipid vacuoles, can hypertrophy and eventually rupture, releasing internal contents that can induce inflammatory processes. Fat infiltrates the adipose tissue and also finds its way into the liver, skeletal muscle, pancreas, and other metabolically relevant organs; therefore, the presence of infiltrating adipose tissue into these organs results in the local production of adipokines and pro-inflammatory cytokines. With the expansion of the adipose tissue organ, the specific adipokines produced and released at a higher rate can circulate through the body, causing inflammation in other organ systems.
Adipose-derived hormones. Adipose is a connective tissue composed of fat-storing adipocytes and a stromal vascular fraction that includes pre-adipocytes, vascular endothelial cells, and a variety of immune cells. 23, 24 With obesity, the expanding size and numbers of adipocytes hone immune cells to take up residence in the tissue. 25 Histologically, macrophages, and other immune cells embedded between adipocytes, form crown-like structures and secrete cytokines contributing to the low-grade inflammatory status of the obese adipose tissue. 25 Amongst the important hormones produced by adipose tissue are leptin, adiponectin, and resistin.
Leptin is a 167 kDa peptide produced mainly by adipocytes but also by tissues such as the stomach and placenta; leptin is highly conserved among species, highlighting its biologic importance. 26 In adipocytes, leptin is produced commensurate with the amount of adiposity. 27, 28 Leptin secreted from adipose acts to reduce food intake at the level of the hypothalamus, the master coordinator for body weight regulation and to reduce fat stores at the level of the adipocyte. 29 Leptin signals via several leptin receptors of which the long-form uses MAPK, JAK-STAT3, PI3K signaling pathways. 30 Leptin-resistance occurs with obesity such that the hypothalamus no longer appropriately responds to the elevated circulating leptin to reduce food intake. 31 The hyperleptinemia of obesity induces expression of pro-inflammatory cytokines in macrophages and T-cells. 32, 33 The earliest demonstrations of elevated leptin levels in obese individuals came in the early 1990s, where circulating leptin levels were shown to correlate with body fat composition and BMI and diminish in accordance with loss of body fat stores. 28, 34 In general, caloric restriction reduces leptin levels and is correlated with body fat loss; however, depending on the content of calories and degree and length of caloric restriction, the strength between the relationship of leptin and body fat can be disrupted. [35] [36] [37] Given the fact that surgical weight loss preferentially reduces body fat levels, it is not surprising that leptin levels are significantly reduced following RYGB, VSG, AGB, and BPD. [38] [39] [40] [41] [42] However, in the case of bariatric surgery, leptin levels are not directly correlated with the amount of adiposity or body weight loss, such that early reductions of fat more dramatically reduce leptin levels than later periods of weight loss. 38, 40 Adiponectin, released as an oligomer of varying sizes from adipose tissue, is secreted inversely proportional to the level of visceral adiposity, such that lean individuals have the highest levels of adiponectin. 43 Adiponectin enhances insulin sensitivity by increasing fatty acid oxidation thus modulating lipoprotein metabolism and inhibiting hepatic glucose production. Adiponectin has anti-inflammatory properties and is a biomarker for an improved state of inflammation. 43 The adiponectin-leptin ratio is functionally considered a biomarker of inflammation within the adipose tissue. 44, 45 Short-term fasting does not necessarily modulate adiponectin levels as it does leptin. 46 Lifestyle modification coupled with pharmacological weight loss therapy significantly increases adiponectin levels after moderate weight loss. 47 In comparison to baseline, VSG and RYGB significantly and consistently increase adiponectin. 38, 39, 48, 49 Resistin is a 12.5 kDa adipocyte-specific hormone, also referred to as adipose tissue-specific secretory factor. Resistin plays a role in cholesterol trafficking in the body by acting on the liver to increase low-density lipoprotein (LDL)-cholesterol and degrade LDL receptors and thus contributes to the pathogenesis of atherosclerosis. Resistin acts locally through the resistin receptor to secrete proinflammatory cytokines in the adipose tissue and is elevated in obesity. 50 Resistin correlates specifically with the degree of hepatic steatosis in the morbidly obese. 51 Following three weeks of VLCD, despite changes in leptin, resistin levels did not change. 52 Leptin and resistin gene expression in blood was reduced after bariatric surgery, 53 but circulating levels of resistin after BPD surgery were not changed. 54 Looking strictly at VSG, resistin levels increased in the first week, but three months after surgery, there were no longer any differences in resistin. 55 Adipose tissue secretion of cytokines: Adipocytes directly release cytokines, but in addition, the immune cells that take up residence in the adipose tissue independently secrete cytokines. Among the most well-studied cytokines concerning obesity are the inflammatory cytokines TNFa (tumor necrosis factor alpha), interleukin-6 (IL-6), monocyte chemoattractant protein 1 (MCP1), IL-8, and the antiinflammatory cytokine IL-10.
TNFa, also known as cachexin, (17 kDa) is primarily secreted by activated macrophages, natural killer (NK) cells, lymphocytes, and adipose tissue. 56 TNFa contributes to insulin resistance, inhibits lipoprotein lipase activity, and increases fatty acid mobilization from the adipose tissue into the bloodstream. 57 The presence of high levels of TNFa results in other diseases such as psoriatic arthritis, rheumatoid arthritis, ulcerative colitis, and Crohn's disease, 58 all of which have increased incidences in obesity. Increased TNFa activity is particularly harmful because it drives the production of other cytokines, mainly IL-1 and IL-6, through activation of the master regulator of inflammation, NFjB. 25, 59, 60 Obese patients have elevated TNFa in comparison to lean controls, and following a VLCD, obese patients had reduced TNFa levels but not to the normal level exhibited by lean controls. 61 Following a glucose tolerance test, TNFa levels were reported to be significantly elevated at the two-hour mark in obese patients, and further, TNFa levels were higher in patients with abdominal obesity compared to subcutaneous obesity, suggesting that the visceral depot contributes significantly to circulating TNFa levels. 62 Twenty weeks of a diet intervention reduced TNFa in circulation and adipose tissue biopsies in comparison to baseline prior to weight loss. 63 Another study comparing obese and lean controls showed no difference concerning plasma TNFa levels. 62 In a meta-analysis of 116 bariatric studies, circulating TNFa was generally reduced following weight loss. 64 Another recent metaanalysis, however, showed, in fact, no reduction in TNFa following bariatric surgery. 65 Similarly, in a study of patients receiving VSG with omentectomy, no change in TNFa was documented one year after surgery despite significant reductions in IL-6 and C-reactive protein (CRP). 48 Although inflammatory cytokine expression in adipose tissue is generally reduced with weight loss, in subcutaneous fat obtained from bariatric patients one year after surgery, expression of TNFa and caspase 3 (marker for cellular death) was elevated. 66 These data collectively show that TNFa is elevated as a result of obesity but that other factors may continue to drive TNFa levels in surgically induced weight loss that are ameliorated after other non-surgical means of weight loss.
IL-6 is produced by adipocytes, as well as immune, endothelial, and muscle cells. It is part of the acute phase response to infection and mediates fever. IL-6 pro-inflammatory activities are mediated through the soluble IL-6 receptor, which results in trans-signaling into cells that do not have a membrane-anchored IL-6 receptor. On the other hand, the anti-inflammatory activities of IL-6 are rendered through classical signaling in a discrete and limited number of cells that actually do have the IL-6 receptor. 67 In healthy, normal-weight individuals, IL-6 administered in a dose equivalent to the concentration of IL-6 produced during strenuous activity, IL-6 acted as an anti-inflammatory cytokine. 68 IL-10 and IL-1 receptor antagonist were increased along with a concomitant spike in cortisol and reduction in circulating lymphocytes. 68 This study emphasizes that muscle-derived IL-6 interacts with both the stress axis and the immune system. 68 However, obese individuals have significantly elevated circulating IL-6 levels that are inversely correlated with insulin sensitivity and associated with non-esterified fatty acid levels. 69 In extremely obese individuals, portal vein samples of IL-6 were shown to be higher than radial artery IL-6 samplings and directly demonstrate that visceral fat and not subcutaneous fat is the most critical site for pro-inflammatory IL-6 production. 70 In obese individuals, IL-6 is significantly correlated with BMI, waist circumference and visceral adipose tissue mass. 71 However, when IL-6 levels were adjusted for body mass, the association between the fat mass and IL-6 diminished, suggesting that IL-6 levels are entirely dependent on visceral fat mass. 72 In women who obtained weight loss through VLCD, IL-6 decreased significantly in adipose tissue, and in serum, IL-6 levels correlated with insulin sensitivity. 73 Surgical weight loss procedures, in this case VSG and RYGB, produced reductions in circulating IL-6 at six 40 and twelve 48 months and also a significant decrease of IL-6 specifically in subcutaneous and visceral fat depots. 74 Meta-analysis of bariatric studies uniformly report reductions in IL-6, though the range of reduction varied by baseline BMI, percentage of weight loss, and time after surgery. 64 In a study to determine the quality of immune cells after bariatric surgery, RYGB resulted in reduced frequency of IL-6 producing B-cells in addition to increased regulatory-to-effector B-cell ratio. 75 Taken together, though exercise-induced IL-6 of muscle origin has antiinflammatory properties, in the context of metabolic disease, IL-6 is highly pro-inflammatory. In this setting, IL-6 is consistently reduced in weight loss irrespective of means.
MCP1, also known as chemoattractant chemokine ligand 2 (CCL2), is produced by endothelial, muscle, immune, and adipose cells. [76] [77] [78] MCP1 responds to inflammation by recruiting monocytes, memory T-cells, NK cells, and dendritic cells to the site of active inflammation. 77, [79] [80] [81] In obesity, adipocytes recruit and activate macrophages promoting angiogenesis through upregulation of the CCL2/IL-1b/CXCL12 signaling pathway. 82 CCL2 was shown to be highly expressed in adipose tissue from obese patients and cultured adipocytes from the obese patients treated with TNFa, CCL2 was further elicited. 83 In obese subjects, expression of MCP1 in adipose tissue is significantly higher than in lean subjects; however, there were no changes in circulating MCP1 levels suggesting obesity produces local changes of MCP1 in adipose tissue. 78 Plasma MCP1 levels initially increased following VLCD; however, this trend reversed with a significant decrease in plasma MCP1 levels following weight stabilization. 84 After RYGB 85 and VSG, 86 circulating levels of MCP1 significantly decreased from baseline measurements. 85 Two years following surgical weight loss, patients had reduced serum MCP1 levels that associated strongly with fasting and insulin levels. 87 Despite significantly more information about MCP1 as a marker of local inflammation within adipose, evidence supports it as a viable circulating biomarker for insulin sensitivity. 87 IL-8 is secreted by various cell types, including monocytes, neutrophils, epithelial cells, fibroblasts, endothelial cells, mesothelial cells, tumor cells, and even adipose tissue. IL-8 specifically targets and attracts neutrophils during inflammation. Circulating levels of IL-8 are closely correlated to obesity-related parameters such as BMI, waist circumference, CRP, IL-6, and HDL-cholesterol. 88 In a study of obese men that followed a VLCD, initial plasma levels of IL-8 were elevated in comparison to lean controls. 89 Surprisingly, after weight loss, circulating levels of IL-8 significantly increased agreeing with previous studies 63, 89, 90 in addition to increased IL-8 mRNA expression in peripheral blood mononuclear cells. 89 Conversely, two years following RYGB, obese women had lower adipose expression of IL-8 in comparison to pre-surgery levels as reported in other studies. 91, 92 Taken together, IL-8 levels do vary by mode of weight loss and may be a function of how the variety of cell types that produce IL-8 are affected by the factors that produce weight loss.
IL-10 is an anti-inflammatory cytokine produced by M2 macrophages, Th2 T-cells, and adipocytes that suppresses signal transduction of other pro-inflammatory cytokines such as TNFa and IL-13, by suppression of p65 and c-Rel subunits of NFkB. 32,93-95 IL-10 inhibits macrophage activity and suppresses cytotoxic T-cell responses and antigen presentation. 95 In humans, IL-10 is negatively correlated with BMI and body fat percentage. 96 Following 12 weeks of VLCD with an exercise program and pharmacologic supplementation, weight loss produced a significant increase in IL-10 compared to baseline, which correlated with a reduction in TNFa and baseline adiponectin. 47 Following RYGB, there was an increase in the frequency of B-cells producing IL-10 with a concomitant rise in regulatory B-cell subsets as well as an increase in follicular helper T-cell secretion of IL-10. 75, 97 In contrast, six months after VSG, there was no statistically significant difference in plasma IL-10 levels compared to baseline. 40 As an antiinflammatory, weight loss by lifestyle change does increase circulating IL-10; however, depending on the bariatric surgery, IL-10 levels in circulation may not be beneficially changed.
Other inflammatory biomarkers that are also up-regulated with obesity CRP, made up of five subunits equaling about 120 kDa, is secreted from hepatocytes as an acute phase protein in response to pro-inflammatory cytokines produced by trauma, injury, and infection. 98, 99 CRP production is stimulated by pro-inflammatory cytokines, in particular, TNFa, IL-1, and IL-6. 98, 100, 101 During tissue injury, the ligand for CRP becomes accessible on cell membranes increasing the clearance of apoptotic cells. 102 CRP is significantly correlated with weight, BMI, waist circumference, hip circumference, and waist-to-hip ratio. 71 In postmenopausal women following a VLCD, weight loss significantly reduced plasma CRP levels. 103 Following a three-month low-calorie diet in healthy, obese women stratified into insulinresistant and insulin-sensitive groups, CRP concentrations were higher in the resistant group and correlated with insulin response; CRP decreased in parallel with weight loss in both groups 104 CRP levels are significantly lower in calorierestricted individuals when compared to those consuming an ad libitum Western diet. 105 CRP is consistently reduced in short-term and more extended time frames in VSG, [106] [107] [108] RYGB, 109, 110 and AGB. 110 Hence, CRP has become a clinical biomarker of meta-inflammation.
Transforming-growth factor beta (TGFb) is a multifunctional cytokine secreted by all white blood cell lineages. It controls proliferation, differentiation, and additional immune functions in many cell types, including adipocyte precursor cells. 111 TGFb is associated with BMI and body fat percentage regardless of the location of fat mass-visceral or subcutaneous. 112, 113 In comparison to lean counterparts, there was a significant correlation between TGFb levels and adiposity in obese individuals as well as an increase in circulating TGFb levels; however, after weight loss TGFb was reduced. [114] [115] [116] [117] [118] Three months after RYGB, no changes in TGFb were reported in obese subjects with or without type-2 diabetes; however, one year following RYGB, circulating concentrations of TGFb were significantly reduced in comparison to pre-surgical concentrations. 119 IL-18, also known as interferon-gamma inducing factor, is a pro-inflammatory cytokine secreted chiefly by macrophages, but other cell types have the potential to produce this cytokine as well. IL-18 is a marker of metabolic syndrome independent of obesity or insulin resistance; this suggests that a variety of comorbidities within metabolic syndrome may be impinging on the IL-18 inflammatory signaling pathway. 120 IL-18 was elevated in obese women in comparison to normal-weight controls. 121, 122 Additionally, IL-18 was reduced in VLCD-induced weight loss and in a Mediterranean-style diet with increased physical activity and correlated with waist-to-hip ratio, potentially acting as a marker for visceral adiposity. 121 Surgical weight loss by RYGB and BPD, in a population of PCOS women, significantly reduced IL-18 and did not vary with reproductive status. 123 Tissue-specific immune response: Tissue-specific changes in inflammation occur, altering the expression (or levels) of immune cells of the blood, adipose tissue, brain, liver, skeletal muscle, and gastrointestinal tract as diagrammed in Figure 1 . The components of blood that are reported most frequently with respect to obesity include lymphocytes, platelets, and monocytes.
Lymphocytes are a subset of white blood cells (WBCs) within the immune system that includes T-cells, B-cells, and NK cells. T-cells are lymphocytes originating from bone marrow that mature in the thymus. They further differentiate into helper, regulatory, cytotoxic, or memory T-cells. B-cells are lymphocytes also originating in the bone marrow that, unlike T-cells, continue to mature in the bone marrow but complete their final maturation and activation in the spleen. NK cells are cytotoxic lymphocytes originating in the bone marrow that play an important role in innate immunity by responding quickly to infection or tumor formation. Numerous studies have shown that obesity drives an increase in WBC and neutrophil numbers and is directly correlated with BMI. [124] [125] [126] Obese patients have significantly higher circulating NK cell counts compared to lean controls. 127 DNA methylation of B-cells is also increased in obesity in comparison to lean, suggesting obesity can alter the gene expression and ultimately activity of these important immune cells. 128 Additionally, adipose tissue in obese individuals has increased helper and cytotoxic lymphocytes 129 and specifically in visceral adipose depots, increased T-cell accumulation 130 compared to lean controls. RANTES, a chemokine that recruits leukocytes during inflammation, is upregulated in visceral adiposity in obesity. 130, 131 Taken together, these studies suggest that obesity leads to an increase in total T-cells in circulation and adipose tissue. However, obese patients have significantly less circulating cytotoxic T lymphocytes and NK cells Phillips and Grayson Bariatric surgery and the immune system 113 compared to lean controls. 127 Furthermore, in this study, "healthy obese", identified by cutoff points for blood pressure, lipid profile, and fasting glucose, had higher levels of cytotoxic T lymphocytes and NK cells than "unhealthy obese" individuals suggesting that preservation of this subset of T-cells may sustain long-term health irrespective of adiposity. 127 Consequently, weight loss by caloric restriction of 10% or 30% for six months significantly improved T-cell function in overweight men and women. 132 Also, after 12 and 24 months of calorie restriction, circulating inflammatory markers, including total WBC and lymphocyte counts, were significantly reduced, indicating that long-term calorie restriction reduces inflammation. 133 Evidence exists that weight loss through non-surgical (e.g. lifestyle modifications and pharmacologic aids) and surgical methods have a direct impact on peripheral blood lymphocyte populations and cytokine production. 124, 134, 135 Finally, four months after laparoscopic greater curvature plication, a substantial reduction in CD4þ and CD8þ T-cells was reported. 136 B-cells after RYGB presented significantly high frequency of IL-10 producing cells and reduced frequency of IL-6 producing cells compared to those before RYGB. 75 On the other hand, in another study, six months after RYGB, there was no significant difference in the percent of NK cells; however, the cytotoxic activity of NK cells was significantly enhanced. 137 Alternately, in a study following patients two years after AGB, both circulating lymphocyte and neutrophil levels declined in proportion to BMI reduction. 124 Taken together, reduction of body weight through surgical and non-surgical means reduced the circulating cytokine burden and lowered the total number of WBC. However, specific studies to determine whether the levels of cytokines and WBC are lower than or similar to control subjects that are of similar weight and had never been overweight have not been undertaken.
Platelets, also known as thrombocytes, are a blood component that, along with coagulation factors, accumulate into blood clots that adhere to injured vessels in response to bleeding. 138 Platelets are not only the cellular mediators of thrombosis but are also immune cells that initiate and accelerate many vascular inflammatory conditions. They are linked to the pathogenesis of atherosclerosis and rheumatoid arthritis. Platelets have no nucleus and are actually fragments of cytoplasm from megakaryocytes that enter circulation. 139 Platelets are the first line of defense against the loss of endothelial integrity. 140 Overweight, obese, and morbidly obese females in comparison to normal-weight females have significantly elevated platelet counts; however, no significant elevation was observed in males in this study. 141 Conversely, a retrospective study of both male and female participants showed an elevation in platelet count that was positively correlated with BMI, irrespective of gender. 142 When adjusted for age, there was a strong correlation between BMI and platelet counts. 141 Additionally, obese individuals have a higher mean platelet volume than non-obese people showing a positive correlation with BMI; however, after three months of dietary treatment, platelet volume in obese patients significantly decreased, and positively correlated with weight loss and reduction in mean platelet volume. 143 When obesity was treated with BPD, morbidly obese patients experienced a significant decrease in platelet count unlike RYGB in which platelet count remained elevated. 144, 145 Monocytes are WBCs that differentiate into macrophages or myeloid lineage dendritic cells in response to tissue damage or infection. 146 Macrophages are monocyte-derived phagocytic cells of the immune system that consume targeted cells. Macrophages in adipose tissue highly express inflammatory cytokines and are strongly correlated with body weight, BMI, and total body fat. 147 Monocyte counts are higher in obesity and are significantly correlated with BMI. 125 Monocyte counts are higher in obesity and are significantly correlated with BMI. 125 Subcutaneous white adipose tissue infiltrating macrophages are elevated in obese individuals and significantly decreased after weight loss; additionally, the remaining macrophages are IL-10 positive. 148 Certain subsets of macrophages that are elevated in inflammatory diseases, specifically, CD14 dim CD16 þ monocytes, are increased in obesity and reduced in hypocaloric diet 149 and RYGB. 149, 150 Additionally, three months after RYGB, the ratio of CD40þ to CD206þ macrophages were significantly lower than baseline in subcutaneous adipose tissue. 151 Brain: Consumption of a high-fat diet is associated with increased body weight, impaired cognitive function, and an increase in brain inflammation. 152 In addition to cognitive function differences, obese individuals overall have a significantly smaller whole brain and total gray matter volume when compared to either normal or overweight individuals, with a strong association between visceral adiposity and total brain volume. 153, 154 Furthermore, in elderly patients, brain atrophy was observed in both overweight and obese subjects suggesting that the duration of being overweight or obese is associated with lower brain volume. 155 Using brain-imaging techniques, functional differences in brain activity have been identified between obese and lean subjects. 152 In obese humans, there is evidence of increased gliosis in comparison to lean controls, assessed by MRI in the mediobasal hypothalamus suggesting that obesity is associated with hypothalamic injury. 156 Moreover, using fMRI, obese subjects were found to have regional T2 hyperintensity, which the authors interpreted as elevated hypothalamic inflammation. 157 Body weight loss resulted in the reversal of fMRI patterns, particularly in the hypothalamus, and increased CSF levels of IL-10 and IL-6 inversely correlated with plasma levels. 152 Further, weight loss by calorie restriction improved recognition memory. 158 In a study of either one-on-one counselling intervention or group support and education, diabetics receiving group support had reduced white matter hyperintensity volume and more consistent improvement in cognitive function suggesting that durable intervention for weight loss management of diabetes can be effective at improving cognitive and brain indices associated with inflammation. 159 Weight loss by calorie restriction also showed an increase in gray matter volume in the inferior frontal gyrus and hippocampus and augmented hippocampal resting-state functional connectivity to the parietal areas. 158 However, bariatric surgery did not ameliorate the T2 hyperintensity despite significant improvements in body weight and inflammation; this suggests that some components of brain inflammation are not reversed even by significant weight loss. 157 Skeletal muscle: Gene expression for inflammatory macrophage markers elevated in muscles of type-2 diabetes patients strongly correlate with fasting plasma glucose but not age. 160 Expression of anti-inflammatory macrophage markers were higher in normal and glucose tolerant subjects and correlated with low fasting plasma glucose or insulin. 160 Additionally, the expression of antiinflammatory macrophage markers in exercising obese and overweight individuals was correlated with a high glucose disposal rate. 160 In humans, obese individuals showed elevated levels of CD68 and ITGAX in muscle correlating with poor glucose disposal and adiposity. 161 Although there was a substantial reduction in inflammatory markers in adipose tissue of subjects following a 15-week lifestyle intervention of hypocaloric diet and daily exercise, the intervention had no significant effect on skeletal muscle inflammatory markers, which may be attributed to very low levels of these markers found in skeletal muscle. 162 In physically frail but obese individuals who were evaluated after 12 weeks of exercise or 12 weeks of weight loss, exercise led to an increased improvement in skeletal gene expression of TLR-4, IL-6, and TNF-a, whereas weight loss had no effect. 163 Liver: Because of the liver's important role in filtering the blood and clearing waste products, the liver is exposed to a steady stream of inflammation-producing substrates. Obesity-induced liver inflammation progresses from hepatic steatosis, or the ectopic accumulation of lipids in the liver, to non-alcoholic steatohepatitis (NASH) to nonalcoholic fatty-liver disease (NAFLD) and finally cirrhosis of the liver. The Kupffer cells or stellate macrophages of the liver are responsible for the clearance of dead or dying cells from systemic circulation. The Kupffer cells contribute to the mononuclear phagocytic system, and their heightened presence contributes to the progression of hepatic inflammatory disease. CRP discussed earlier is produced by the liver and is a marker of generalized inflammation in the body and is elevated in obesity. 71 The increased production of IL-6 and TNFa within the liver in obesity increases the risk of hepatic cancer. 164, 165 Although IL-6 and TNFa are more highly expressed in the adipose tissue compared to the liver, weight loss does result in a significant decrease in hepatic IL-6, although TNFa appears to not change. 166 Caloric restriction for six months was shown to significantly reduce liver lipid content, further improving liver function. 167 Additionally, compared to non-obese, obese patients have significantly elevated chemerin, a stimulator of chemotaxis during inflammation, and produced in both liver and adipose tissue. 168 Obese patients who had elevated baseline chemerin, had a significant activity score for NAFLD, portal inflammation, fibrosis, and fibroinflammation as markers of liver pathology. 168 Following RYGB, chemerin decreased significantly at three months and was positively correlated with improvements to triglycerides. 168 In general, surgical weight loss results in significant improvement to hepatic health in severely obese patients, and attenuated steatosis, inflammation, and fibrosis. 169 Taken together, these data suggest that weight loss of any type may improve hepatic inflammation.
Gastrointestinal tract: The gastrointestinal tract is responsible for digestion and absorption of nutrients and also expels unused components as waste. Within the gut, gram-negative bacteria, which account for over half of the gut microbiota, contain endotoxin. 170 Endotoxins are large, heat-stable, pyrogenic lipopolysaccharides (LPS) found on the outer membrane of gram-negative bacteria. 170, 171 Increased caloric loads alter the microbiota phenotypes and endothelial barrier breakdown can occur, resulting in LPS-related endotoxemia that increases local or systemic inflammation. 172 Circulating LPS binds to LPS-binding protein (LBP) eliciting an immune response through LPS presentation. 173 LBP is significantly associated with circulating levels of LPS, functioning as a marker for relative levels of LPS in circulation. 173 Consumption of high-fat diet alters gut microbiota directly influencing gut permeability leading to chronic systemic inflammation; 174 however, diet does not have singular responsibility in obesity-related chronic inflammation as studies have shown adipose tissue produces a variety of adipokines and cytokines that affect systemic inflammation. 175 VLCD-induced weight loss caused a significant decrease in circulating LPS as well as LBP, correlating with change in fat mass percentage and BMI. 173 Weight loss by RYGB, VSG, and AGB significantly decreased serum LBP levels in comparison to LBP concentration at baseline. 176 Summary and future challenges. Obesity is clearly a condition of chronic inflammation identified by elevated immune cell numbers in circulation, increased infiltration of body tissues by immune cells, and increased production of pro-inflammatory cytokines by diverse cell types. The load that these pro-inflammatory cytokines produce on the immune system is lessened by weight loss. However, the degree to which the load is reduced is dependent on the method of weight loss, though pro-inflammatory cytokine production appears to be reduced by the surgeries; generally, this positive benefit may be only realized in specific surgical procedures after a period of weight stabilization. Further, because of the diversity of cells that produce the same cytokines, body weight loss by behavior change or bariatric surgery may preferentially improve the metabolic phenotype of one specific set of cytokine-producing cells causing a reduction in the specific cytokine from that tissue, but may drive production in another cell type, countering the measurable improvement in circulation. Thus, it may not be possible to perceive a net difference.
The literature is replete of comparisons of some of the extremes that drive the production of these chemokines. Comparisons are made concerning gender, degree of adiposity, visceral vs. subcutaneous fat depot, presence or absence of specific comorbidities and age, all which can contribute to the risk of inflammatory disease. Further, longitudinal studies have shown the various improvements that are obtained through weight loss, whether behavioral or surgical. What is lacking in literature is an understanding of the chronology of the triggers for each of the cytokines in obesity, and subsequently, how weight loss changes the trajectory of the presentation of these cytokines. Presently, we do not know how one cytokine affects its relationship to others in a chronological fashion.
Although the risk factors that are co-morbid with obesity predicate poor long-term outcomes, some suggest that the broad term of obesity should be divided into "metabolically abnormal obesity" and "metabolically healthy obesity" (see reviews 177, 178 ) since excess adiposity does not always result in the classic co-morbidities of insulin resistance, dyslipidemia, and hypertension. 179 However, work done to stratify study subjects into these categories to more accurately predict long-term outcomes has suggested that these designations lack precision since immune and inflammatory endpoints appear similar for these groups 180 and future risk for cardio-metabolic disease remains high. 181 Further work is needed to determine whether it is possible to have and achieve cardio-metabolic health while remaining obese.
In conclusion, general improvements to metabolic indices result in amelioration of inflammation-driven dysfunction, influencing a positive direction for overall human health.
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